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Mechanical forces generated by fetal kicks andmovements result in stimulation
of the fetal skeleton in the formof stress and strain. This stimulation is known to
be critical for prenatal musculoskeletal development; indeed, abnormal or
absent movements have been implicated in multiple congenital disorders.
However, the mechanical stress and strain experienced by the developing
human skeleton in utero have never before been characterized. Here, we quan-
tify the biomechanics of fetal movements during the second half of gestation by
modelling fetal movements captured using novel cine-magnetic resonance
imaging technology. By tracking these movements, quantifying fetal kick
and muscle forces, and applying them to three-dimensional geometries of
the fetal skeleton,we test the hypothesis that stress and strain change over onto-
geny. We find that fetal kick force increases significantly from 20 to 30 weeks’
gestation, before decreasing towards term. However, stress and strain in the
fetal skeleton rises significantly over the latter half of gestation. This increasing
trendwith gestational age is important because changes in fetalmovement pat-
terns in late pregnancy have been linked to poor fetal outcomes and
musculoskeletal malformations. This research represents the first quantifi-
cation of kick force and mechanical stress and strain due to fetal movements
in the human skeleton in utero, thus advancing our understanding of the bio-
mechanical environment of the uterus. Further, by revealing a potential link
between fetal biomechanics and skeletal malformations, our work will
stimulate future research in tissue engineering and mechanobiology.
1. Introduction
Fetal movements during pregnancy have long been of interest to the scientific and
medical communities, as well as to society at large. In humans, the first fetal
movement that is observed is a bending of the head and neck at 10 weeks [1], fol-
lowed by a full range of movements (whole-body movements, limb movements,
breathing and stretching) that occur regularly from 15 weeks [2]. Maternal sen-
sation of these movements usually begins between 16 and 18 weeks [2]. While
the number of fetal movements is thought to change over time, the precise fre-
quency is much debated and remains poorly understood. Several studies report
a peak in the frequency of movements during the second trimester, followed by
a decrease in frequency towards full term [3–6], while other researchers find
decreases in movements over gestation [7,8]. Sudden changes in fetal movements
can be indicative of fetal compromise, and reduced fetal movement can signify
fetal distress that necessitates urgent delivery [9,10]. Decreased fetal movements
& 2018 The Authors. Published by the Royal Society under the terms of the Creative Commons Attribution
License http://creativecommons.org/licenses/by/4.0/, which permits unrestricted use, provided the original
author and source are credited.
approaching term correlate with poor fetal outcomes, such as
low birth weight or preterm delivery [11,12], as well as fetal
death [10,13].
Fetal movements are known to play a significant role in
normal musculoskeletal development (reviewed in [14]), likely
because the resulting muscle forces generate stress and strain
within the fetal skeleton that stimulates the developing skeletal
tissues. Abnormal skeletal development has been observed
clinically in cases of neuromuscular disorders that result in
reduced or absent fetal movement, with patients presenting
skeletal malformations such as joint fusions, craniofacial
abnormalities and hypo-mineralized bones [15–17]. Fetal
akinesia deformation sequence (FADS), for example, is a
rare syndrome (1 : 15 000) in which fetal movement is absent
[18] and leads to thin bones, multiple joint contractures,
spinal abnormalities and clenched hands [19,20]. Arthrogrypo-
sis (1 : 3000), a congenital syndrome characterized by bent or
abnormally angled joints in multiple body parts, and in some
cases congenital scoliosis, is also associated with decreased
and absent fetal movements at various gestational ages
[21–26]. A relatively common joint abnormality (1.3 : 1000),
known as developmental dysplasia of the hip (DDH) [27], is
indicated by instability, malformation or dislocation of the
joint formed at the junction of the femoral head and the acetabu-
lum [28]. Despite known genetic risk factors for DDH, such as
female gender and positive family history [29], common risk
factors relate to a more restrictive uterine environment for
fetal movements. Examples of these risk factors include fetal
breech position [30], oligohydramnios (low amniotic fluid
volume) [31] and neuromuscular disorders [29], suggesting a
relationship between reduced fetal movement and abnormal
hip joint development in humans [14]. Finally, metabolic bone
disease of prematurity is a post-natal condition that leads to
bone softening and fractures, occurring in up to 30% of extre-
mely preterm infants (born before 28 weeks’ gestation) [32].
While nutrition plays a role in this condition, the physical
environment postnatally is dramatically different from the
uterus, and therefore changes in biomechanical stimuli, such
as stress and strain, likely contribute to its aetiology [32].
Clinical evidence for the impact of impaired fetal move-
ment on skeletal development has been reinforced by studies
of fetal mechanical stimulation in animal models, in which
similar spine, bone and joint abnormalities arise in both
immobilized chick embryos and mutant mouse embryos
with reduced or absent muscle activity [33,34], as reviewed in
[35]. A recent bioreactor study demonstrated that there is a
dose-dependent relationship between movement and joint
morphogenesis in the chick embryo [33]. Taken together, this
evidence suggests that normal prenatal musculoskeletal devel-
opment requires mechanical forces generated by active fetal
movements. Further, because joint shape has been linked to
the risk of osteoarthritis [36], the contribution of fetal move-
ments to a healthy joint shape has major implications for an
individual’s health in later life. However, given the challenges
of measuring fetal movements experimentally, little is known
about the biomechanics of these movements in human babies
and how they change throughout gestation.
A key step in the process of skeletal development is the
transduction of mechanical stimuli into biochemical signalling
that results in changes in skeletal architecture. Computational
modelling provides amethod bywhich thismechanobiological
relationship can be investigated and attempts have been made
to model this relationship in animals. Such studies have
revealed that biomechanical stimuli correlate with cell behav-
iour and joint shape in zebrafish [37], with ossification of
avian embryonic bones [38] and with mechanosensitive gene
expression in joints of mutant mouse embryos [39]. Until
recently, movement quantification and reconstruction of fetal
skeletal geometry (necessary to calculate biomechanical
stimuli) was not possible for human fetuses. However,
advances in fetal magnetic resonance imaging (MRI), known
as cine-MRI scans, now allow movements of an entire fetus
to be directly observed [3,40]. This technology permits the
use of computational techniques, including finite element
(FE) analysis and musculoskeletal modelling, to quantify kick
and associated muscle forces at a particular gestational age
for the first time [41].
In this study, we build upon our previously developed fetal
movement modelling techniques by applying predicted muscle
forces to three-dimensional fetal skeletal geometries.Wequantify
the stress and strain induced in these developing skeletal struc-
tures due to clinically observed fetal movements for the first
time. We find a significant upward trend in kick forces from 20
to 30 weeks’ gestation, before decreasing towards term. We
reveal that stress and strain increase significantly over the latter
half of gestation, which is important because changes in fetal
movement patterns in late pregnancy have been linked to poor
fetal outcomes and musculoskeletal malformations.
2. Material and methods
In order to quantify the stress and strain in the fetal skeleton due to
kickingduring pregnancy, the following pipeline of computational
techniques was applied to age-varying datasets during this study:
(i) tracking the fetal movements of the joints from cine-MRI scans,
(ii) FE modelling of these movements to determine the resulting
reaction force from the uterine wall, (iii) combining the above out-
puts in a musculoskeletal model which predicts the intramuscular
forces required to generated the observed displacements, and (iv)
application of these forces in an FE model of fetal limb geometries
in order to calculate the resulting stress and strain. This compu-
tational pipeline is illustrated in figure 1 and electronic
supplementary material, movie S1, and the methods are described
in detail in this section.
2.1. Data acquisition
A database of fetal cine-MRI scans acquired from archived data at
Hammersmith Hospital and St. Thomas’ Hospital, London, UK,
was retrospectively analysed for those which included exten-
sion–flexion fetal kicks. A total of 341 scans from different
individuals were examined of which 20 were chosen in which
there was a clear in-plane extension of the lower limb, in order to
generate a cross-sectional study of four sub-sets of five scans at
approximately 20, 25, 30 and 35 weeks’ gestation (electronic sup-
plementary material, table S1 and movie S2). All women had
given prior consent for scans to be used in research as part of
larger ethically approved trials (Hammersmith Hospital Research
Ethics Committee/MHRA approval for IEH award 102431).
Separately, the radiology information system (RIS) at Great
Ormond Street Hospital (London, UK) was searched for post-
mortem MRI in fetuses between the gestational ages of 19–35
weeks, which included full anatomical imaging of the lower
limbs. All parents/guardians gavewritten consent for pre-autopsy
MRI as part of the GOSH clinical autopsy protocol, and for
research use of imaging material. Cases were excluded where
there was a known or suspected musculoskeletal abnormality,
either on post-mortem MRI or on subsequent autopsy. Six scans
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were included in this study, two from approximately 20 weeks’
gestation (a 19 and a 20 week), two from approximately
30 weeks’ gestation (two at 29 weeks) and two from approxima-
tely 35 weeks’ gestation (a 33 week and a 34 week) as shown her
in figures 2 and 3. Scan settings for all data collection are detailed
in the electronic supplementary material, table S2.
2.2. Fetal movement tracking
A custom-designed Matlab R2014b (Mathworks, UK) software
script, developed and described in detail previously [41], was
applied to track the movements of individual fetal joints
observed in in utero cine-MRI data of fetal kicking (figure 1a
and electronic supplementary material, movie S1). This tracking
software was tested previously, and found to be fully repeatable
and accurate in approximately 95% of cases compared to manual
selection by an experienced human operator [41]. Additionally,
the uterine dimensions were measured, assuming an elliptical
shape with a major and a minor axis. A series of images was ana-
lysed for each fetus, capturing the kick and contact with the
uterine wall, up to the point of greatest deflection of the wall.
2.3. Calculation of fetal kick force
In order to calculate the reaction force resulting from an in utero fetal
kick, FE simulations of the uterine mechanical environment were
developed in ABAQUS (Dassault Systemes, Ve´lizy-Villacoublay,
France) FE software (figure 1b), detailed in a previous study [41].
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Figure 1. Flowchart outlining the computational pipeline developed for this study. Computational methods applied comprise (a) tracking of fetal joint movements,
(b) finite element modelling of reaction force resulting from fetal movements against the uterine wall, (c) musculoskeletal modelling to predict muscle forces, (d )
application of muscle forces to finite element models of fetal geometries ( forces for adductor magnus (1), gluteus maximus (2) and biceps femoris (3)).
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Figure 2. Fetal geometries obtained from post-mortem MRI. Post-mortem MRI scans at 20 and 30 weeks’ gestational age allow three-dimensional reconstruction of
both mineralized and cartilaginous components of the pelvis, femur and tibia.
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Briefly, the uterus was modelled in two dimensions as half an
ellipse, taking the two-dimensional measurements from the scans
as inputs, with symmetry boundary conditions applied at the
boundaries and using major and minor axis dimensions taken
from each scan. Mesh convergence analyses were performed to
optimize mesh density. The uterus was pre-stressed by applying
the average maximum and minimum observed intrauterine
pressures, as described previously and in the electronic supplemen-
tary material, table S1 [42]. Observed kick displacement from the
cine-MRI was applied as ramped, static loading using a probe of
the same diameter as the fetal foot. The uterine wall was modelled
as a 6.0–6.8 mm thick layer of uterine muscle depending on gesta-
tional age [43]. The fetal membranewasmodelled as two layers, the
chorion and the amnion, with the outer surface of the chorion
attached to the uterine wall, while frictionless sliding contact was
assumed at the interface between the chorion and the amnion
[44]. Linear elastic, isotropic behaviour was assumed for all
materials, with elastic moduli, Poisson’s ratios and thicknesses
described in table 1 as previously [42]. These models have pre-
viously been validated experimentally [41], and a sensitivity
analysis demonstrated that a 10% increase in uterine muscle
stiffness resulted in a 3.5% increase in kick reaction force.
2.4. Prediction of muscle forces generated by fetal kicks
The fetal joint movements obtained from the cine-MRI tracking
software were combined with the predicted reaction forces as
inputs for a scaled musculoskeletal model of the fetal lower
limb in OpenSim (v. 2.4) [52], as shown in figure 1c and
described previously [41]. The displacements of the hip, knee
and ankle joints were then applied to the relevant joint markers
on the musculoskeletal model, and the reaction forces from the
FE models were applied at the calcaneus (heel bone) of the
fetal foot. The OpenSim model was restricted to planar motion
as the fetal movements selected occurred in the single plane vis-
ible in the MRI scan. Muscle forces for 19 separate muscles were
outputted from OpenSim, alongside their lines of action using a
previously developed plugin [53].
2.5. Characterization of stress and strain in the fetal
skeleton
In order to investigate the biomechanics of the fetal lower limb
during kicking in utero, sets of FE models of the fetal leg bones
were generated from post-mortem MRI scans at multiple gesta-
tional ages (figure 1d). Geometries for the pelvis, femur and tibia
were segmented usingMIMICS imageprocessing software, includ-
ing mineralized and non-mineralized regions detected on the post-
mortem MRI, and meshed using 4-noded tetrahedral (C3D4)
elements using 3-Matic software (both Materialise, Leuven,
Belgium) (figures 2 and 3). Geometries contained between 34 000
and 290 000 elements per model, with mesh refinement tools in
3-Matic used to optimizemesh quality andmesh convergence ana-
lyses performed to optimize mesh density. As no post-mortem
MRI scans at 25 weeks were available, the 20 and 30 week
geometries were scaled up or down according to published
femoral length reference values at 20, 25 and 30 weeks [54].
20 week group 30 week group 35 week group
19 GW
frontal
view
lateral
view
20 mm 20 mm 20 mm
20 GW 29 GW 29 GW 33 GW 34 GW
Figure 3. Fetal leg bone geometries grouped by gestational age. Three-dimensional geometries were reconstructed from post-mortem MRI scans, two each at
approximately 20, 30 and 35 weeks. Fetal geometries increased in both size and complexity with advancing gestational age, with later gestational ages demon-
strating larger, flatter iliac crests, more prominent greater trochanters and femoral condyles, and wider proximal tibia with more pronounced tibial condyles.
Mineralized regions are shown in grey.
Table 1. Material properties and thicknesses applied in FE models for amnion and chorion [45–47], uterine wall [43,48] and fetal cartilage [49–51].
amnion chorion uterine wall unmineralized fetal cartilage mineralized fetal cartilage
Young’s modulus (MPa) 21 2.3 0.586 1.1 117
Poisson’s ratio 0.4 0.4 0.4 0.49 0.49
thickness (mm) 0.044 0.188 6.0, 6.5, 6.8 — —
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These scaled geometries were then pooled to form a group of four
geometries, on which the 25 week muscle forces were applied.
Fetal geometries were then imported into ABAQUS, with all
materials assumed to be linear elastic and isotropic in nature. The
pelvis was fixed at the pubic symphysis and the sacroiliac joint,
with the femur and tibia displaced until frictionless contact
was achieved at the joints. The muscle forces predicted by the
musculoskeletal model at the end of the leg extension were
then applied at anatomical locations (as illustrated in figure 1)
and allowed to converge to equilibrium, generating stress and
strain within the models. Maximum stress and strain were
recorded as the 95th percentile values, to avoid potential artificial
stress concentrations at the interface between the mineralized
and unmineralized cartilage regions. This process was repeated
for each cine-MRI movement, and on each geometry per group.
2.6. Statistical analysis
Kicks from cine-MRI scans of five different fetuses were analysed
per gestational age group, and applied to two geometries at each
of 20, 30 and 35 weeks (n ¼ 30 load cases) and four scaled geo-
metries at 25 weeks (n ¼ 20 load cases). Statistical differences (in
maximum force, stress and strain) between age groups were
determined using an ANOVA analysis and a Tukey’s post hoc
test, with statistical significance defined as p, 0.05 (SPSS, IBM,
New York, USA). All data are expressed as mean+ s.d. In order
to distinguish between effects of geometry and age, statistical
differences between scaled geometries at 25 weeks were deter-
mined using an independent two-tailed Student’s t-test, with
statistical significance defined as p, 0.05 (SPSS, IBM, New York,
USA).
3. Results
3.1. Characterization of fetal skeletal morphology
Three-dimensional geometries of the lower limb generated
from post-mortem MRI scans of specimens increased in size
with increasing gestational age, as expected, but also demon-
strated increased complexity in shape with advancing
gestational age (figure 2). Notable features of morphogenesis
included larger, flatter iliac crests, more prominent greater tro-
chanters and femoral condyles and wider proximal tibia with
more pronounced condyles (figure 3). Note that due to differ-
ences in size, and the settings/resolutions used according to
gestational age, complex shape features were most apparent
in the 30 week group.
3.2. Fetal muscle forces, stress and strain increase
during gestation
The average displacement of the uterine wall due to observed
kicksdidnot change significantlybetween 20 and30weeks’ ges-
tation, remaining at approximately 11 mm(figure 4a, table 2 and
electronic supplementarymaterial,movie S2). However, uterine
wall displacement decreased significantly at 35 weeks, to
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Figure 4. Maximum observed uterine displacements and resulting fetal kick forces. Average results for 20, 25, 30 and 35 weeks’ gestational age, for (a) uterine wall
displacement and (b) uterine reaction force. Horizontal lines indicate statistical significance between groups ( p  0.05).
Table 2. Fetal uterine parameters versus gestational age: kick duration, femur and tibia length, uterine major and minor axes, uterine wall displacement and
kick reaction force. Values are presented as mean+ standard deviation.
age
group
kick
duration (s)
femur length
(mm)
tibia length
(mm)
uterine major
axis (mm)
uterine minor
axis (mm)
uterine wall
displacement
(mm)
kick reaction
force (N)
20 weeks 2.65+ 0.35 58.45+ 9.11 56.14+ 4.22 217.19+ 42.74 163.03+ 17.12 11.78+ 4.72 28.85+ 1.88
25 weeks 3.63+ 0.65 56.93+ 16.47 57.44+ 14.01 222.18+ 51.32 166.98+ 47.89 12.37+ 1.99 35.17+ 2.41
30 weeks 2.95+ 0.74 61.37+ 16.03 55.92+ 9.31 236.29+ 21.16 178.29+ 23.36 11.52+ 1.47 46.64+ 5.30
35 weeks 3.51+ 0.49 62.68+ 2.54 55.48+ 3.27 219.49+ 26.74 186.75+ 8.51 4.09+ 0.66 17.09+ 2.62
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approximately 4 mm. Fetal kick force increased significantly
over time, from approximately 29 to 47 N between 20 and 30
weeks (figure 4b and table 2), before decreasing significantly to
17 N at 35 weeks. The mean and standard deviation of these
results, alongside average fetal femur and tibia lengths, uterine
dimensions and kick durations, are presented in table 2.
The average intramuscular force at full-kick extent is
grouped by gestational age in figure 4b. Although there was
a great deal of variation, an upward trend in muscle force
during gestation was evident among many of the muscles,
with statistically significant increases for the biceps femoris
adductor magnus, vastus intermedius and gastrocnemius
(figure 5).
At all gestational ages, concentrations of maximum
principal stress were observed in the shaft of the femur and
tibia, and at joint surfaces where contact between each fetal
bone occurred (figure 6). The greatest stresses occurred in the
mineralized diaphysis regions of the bones, and at the interface
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Figure 5. Average muscle forces at full-leg extension for 20, 25, 30 and 35 weeks’ gestational age. The means and standard deviation of four groups of five kicks
each are plotted; horizontal lines indicate statistical significance ( p  0.05).
20 weeks
transverse
view
frontal
view
transverse
view
frontal
view
S, max. principal (abs)
(avg: 75%)
+2.319 × 104
+2.000 × 103
+1.667 × 103
+1.333 × 103
+1.000 × 103
+6.667 × 102
+3.333 × 102
+1.831 × 10–4
–3.333 × 102
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–2.000 × 103
–2.298 × 104
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Figure 6. Maximum principal stress stimulation in fetal leg bones increases with gestational age. Average stress results for 20 and 30 week fetal geometries,
demonstrating increased stress concentrations in mineralized regions and at joint surfaces over gestation.
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of these regions with unmineralized cartilaginous regions,
suggesting a link between stress and ossification during devel-
opment. In contrast to stress, strain was concentrated in the
unmineralized regions near the joints and at the joint surfaces
at all ages (figures 7 and 8), indicating that these strains may
play a role in shaping joints during development.
Maximum principal stress was found to increase signifi-
cantly with gestational age for the pelvis, femur and tibia,
with stress noticeably increasing in all regions from 20 to 35
weeks’ gestational age (figures 6 and 9a). Similarly, maxi-
mum and minimum principal strains increased significantly
in magnitude over the second half of gestation for all regions
of each rudiment, as shown in figures 7–9b,c.
Finally, when a statistical analysis was performed in order
to investigate the effect of scaling the 20 and 30 week geome-
tries to 25 week dimensions, with muscle forces applied from
the 25 week fetal kicks, no significant difference in stress or
strain results were found between the scaled 20 and 30
20 weeks
transverse
view
frontal
view
transverse
view
frontal
view
LE, max. principal
(avg: 75%)
+1.963 × 10–3
+3.000 × 10–4
+2.750 × 10–4
+2.500 × 10–4
+2.250 × 10–4
+2.000 × 10–4
+1.750 × 10–4
+1.500 × 10–4
+1.250 × 10–4
+1.000 × 10–4
+7.500 × 10–5
+5.000 × 10–5
+2.500 × 10–5
+0.000
30 weeks
Figure 7. Maximum principal strain stimulation in fetal leg bones increases with gestational age. Average maximum principal strain results for 20 and 30 week fetal
geometries, demonstrating increased strain concentrations in cartilage and at joint surfaces over gestation.
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transverse
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frontal
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+0.000
–2.500 × 10–5
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–7.500 × 10–5
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–1.250 × 10–4
–1.500 × 10–4
–1.750 × 10–4
–2.000 × 10–4
–2.250 × 10–4
–2.500 × 10–4
–2.750 × 10–4
–3.000 × 10–4
–3.268 × 10–3
30 weeks
Figure 8. Minimum principal strain stimulation in fetal leg bones increases with gestational age. Average minimum principal strain results for 20 and 30 week fetal
geometries, demonstrating increased strain concentrations in cartilage and at joint surfaces over gestation.
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week groups. This suggests that geometry is not the key
determinant of stress and strain over gestational age, instead
implying a stronger role for fetal kick forces.
4. Discussion
This study represents the first quantification of changes in the
biomechanics of the developing fetal skeleton due to fetal
movements, revealing an upward trend in both stress and
strain stimulation over the second half of gestation. We quan-
tify significant changes in kick force and muscle forces over
gestational time due to a simple extension movement. We
reveal that even though older fetuses (35 weeks) deform the
uterine wall much less than at younger ages, the stresses
and strains in the fetal skeleton are at least as high as at earlier
gestational ages. This research provides new insight into the
biomechanical environment in utero, and the distribution of
stimuli in the fetal skeleton suggests a role for stress stimu-
lation in ossification events and for strain stimuli in joint
morphogenesis.
The human uterus during pregnancy is an experimentally
inaccessible closed mechanical environment, so a number of
assumptions and limitations were necessary to conduct this
research. While the material properties for the uterus, fetal
membranes and fetal cartilage are non-linear and likely
change over gestation, these values were not available in the lit-
erature [41]. In reality, the viscoelastic and hyperelastic
properties would likely result in lower reaction forces, as the tis-
sues deformed to a greater degree, though this might change
with gestation as the intrauterine diameter and pressure
increase. Additionally, the lack of available post-mortem MR
scans at 25 weeks necessitated scaling of the 20 and 30 week
groups according to fetal femur length. Nonetheless, pooling
of these data does not appear to affect stimuli results as we
did not find significant differences in stress or strain between
these groups when scaled to femoral length of 25 weeks.
While the quadratic optimization cost function applied in the
musculoskeletal model is likely different for a fetal kick, it was
assumed to be the same as that for an adult, due to lack of avail-
able experimental datasets, and as they appear to be a
coordinated repeated motion. Finally, depending on the
image resolution and scan settings used, some shape infor-
mation may have been lost during segmentation, resulting in
less detailed morphologies for some samples. However, we
found relatively consistent shapes in each individual at similar
gestational ages and, as mentioned above, observed that differ-
ences in geometry do not appear to be the key factor influencing
the stresses and strains we calculated.
The stresses and strains on the fetal skeleton observed in
this study likely act as biomechanical stimuli for limb develop-
ment and morphogenesis, with various studies showing that
biomechanical stimuli correlate with cell behaviour and joint
shape in zebrafish [37], with ossification of avian embryonic
bones [38] and with mechanosensitive gene expression in the
limbs of mutant mouse embryos [39]. Therefore, the biomecha-
nical stimuli characterized in this study illuminate a crucial
missing link in our current understanding of human develop-
ing skeletal biomechanics and mechanobiology. Importantly,
this study quantifies a baseline of normal biomechanical
stimuli resulting from fetal kicking, providing new data
which can be compared to stimulation in abnormal or subopti-
mal uterine conditions. Skeletal development is ultimately a
cell-driven process, with shape andmineralization progressing
as fetal tissues respond to biomechanical stimulation, such as
stress and strain [38,55–58]. However, this stimulation is
impossible to investigate experimentally in utero in humans.
The patterns of stimulation observed in our models suggest a
relationship between stress concentrations and progressive
ossification of the fetal bones, with the highest stresses occur-
ring in mineralized regions of the long bones and in sites of
primary ossification in the pelvis. Conversely, strain levels
were highest in the unmineralized regions near the joints, indi-
cating a potential role for high strains in joint morphogenesis.
These patterns of stress and strain also provide new inputs
for previously developed adaptive mechanobiological
models of hip joint development and DDH [59,60], supplying
physiologically relevant patterns of biomechanical stimuli for
the first time. Furthermore, as the field of tissue engineering
has matured, researchers have attempted to mimic the natural
developmental processes of chondrogenesis and endochondral
ossification as a route to successful production of tissue-
engineered cartilage and bone [61,62]. Our findings provide
novel insights into the distribution and magnitudes of stresses
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and strains that may prove key to replicating developing
prenatal tissue conditions in vitro.
Of particular interest is the clear trend of the stresses
and strains increasing significantlywith gestational age at mul-
tiple steps in the computational pipeline. Specifically, we
observed significantly higher kick forces, an upward trend in
intramuscular forces, and significantly higher stress and
strain stimulation in all components of the lower limb. Interest-
ingly, while significantly lower uterine displacement and
resulting kick force were observed at 35 weeks, this did not
result in decreased stress or strain stimulation. This is likely
to be due to the higher muscle forces predicted, themselves
the result of a more cramped fetal position when kicking in
late gestation. A similar trend of increasing stress and strain
with increasing developmental stage has been predicted in
the embryonic chick limb [38]. The effects of absent fetal move-
ments are clear at multiple gestational ages, as in cases of
arthrogryposis and FADS [18,21,22,25]. The current study
demonstrates for the first time that there is a steady increase
in biomechanical stimuli over gestation, suggesting that even
a period of late restrictedmovements, e.g. fetal breech position,
could have an impact on normal skeletogenesis and increase
the risk of DDH [63]. Indeed, one theory for why metabolic
bone disease of prematurity (leading to weak bones, prone to
fracture) occurs in severely premature neonates is that when
the last trimester of development occurs outside the uterus,
biomechanical stimulation of the skeleton would be substan-
tially different to in utero [64]. After birth, the absence of
amniotic fluid buoyancy effects means that neonates are
exposed to gravitational effects and no longer have the sur-
rounding uterine tissues to kick against, which would likely
lead to very different levels and patterns of biomechanical
stimulation in a preterm infant at (for example) 30 weeks, com-
pared to a fetus of the same age and still in utero. Combined
with the results of the current study, this suggests that higher
levels of mechanical stimulation as gestation progresses are
critical to normal skeletal formation, and that movements at
the end of gestation, though small in magnitude, are still
important for normal skeletal development.
In summary, we have quantified the biomechanics of
common human fetal movements for the first time, finding
increases in fetal kick forces and muscle forces, as well as
stress and strain in the fetal skeleton over the second half of ges-
tation. We have found increases in these biomechanical with
advancing gestational age, providing novel insight into the bio-
mechanical environment in utero. We also observed
concentrations of biomechanical stimuli in the fetal skeleton,
suggesting a role for stress stimulation in ossification events
and for strain stimuli in joint morphogenesis. Further analysis
of these observed trends in developmental biomechanics may
shed new light on the link between fetal biomechanics and
skeletal malformations, and provide critical novel data for
future research in tissue engineering and mechanobiology.
Data accessibility. Electronic supplementary material (tracking code and
computational models) is available online at https://dx.doi.org/10.
6084/m9.figshare.5630245.
Authors’ contributions. S.W.V. carried out all modelling, participated in
the design of the study and drafted the manuscript. N.C.N. and
A.T.M.P. conceived of, designed and coordinated the study, as well
as drafting the manuscript. B.K., S.C.S, O.J.A., M.A.R. and J.V.H.
acquired and provided MRI data, participated in the design of the
study and took part in drafting the manuscript. All authors gave
final approval for publication.
Competing interests. We declare we have no competing interests.
Funding. This research was funded by Arthritis Research UK (grant
reference number 20683). This work was supported by the Wellcome
Trust and EPSRC IEH Award [102431] and the European Research
Council dHCP project (FP/2007-2013 319456). O.J.A. is supported
by a NIHR Clinician Scientist Fellowship award (NIHR-CS-012-
002), and receives funding from the Great Ormond Street Hospital
Children’s Charity and NIHR GOSH Biomedical Research Centre.
Post-mortem MRI scans were obtained from independent research
funded by the National Institute for Health Research (NIHR) and
supported by the Great Ormond Street Hospital Biomedical Research
Centre. The views expressed are those of the authors and not necess-
arily those of the NHS, the NIHR or the Department of Health.
References
1. de Vries JIP, Fong BF. 2006 Normal fetal motility: an
overview. Ultrasound Obstet. Gynecol. 27, 701–711.
(doi:10.1002/uog.2740)
2. de Vries JIP, Visser GHA, Prechtl HFR. 1982 The
emergence of fetal behaviour. I. Qualitative aspects.
Early Hum. Dev. 7, 301–322. (doi:10.1016/0378-
3782(82)90033-0)
3. Hayat TTA, Nihat A, Martinez-Biarge M, McGuinness
A, Allsop JM, Hajnal JV, Rutherford MA. 2011
Optimization and initial experience of a multisection
balanced steady-state free precession cine sequence
for the assessment of fetal behavior in utero.
Am. J. Neuroradiol. 32, 331–338. (doi:10.3174/
ajnr.A2295)
4. Natale R, Nasello-Paterson C, Turliuk R. 1985
Longitudinal measurements of fetal breathing,
body movements, heart rate, and heart rate
accelerations and decelerations at 24 to
32 weeks of gestation. Am. J. Obstet.
Gynecol. 151, 256–263. (doi:10.1016/0002-9378
(85)90022-5)
5. Ten Hof J, Nijhuis I, Nijhuis J, Narayan H, Taylor D,
Visser G, Mulder E. 1999 Quantitative analysis of
fetal general movements: methodological
considerations. Early Hum. Dev. 56, 57–73. (doi:10.
1016/S0378-3782(99)00035-3)
6. Zoia S, Blason L, D’Ottavio G, Bulgheroni M,
Pezzetta E, Scabar A, Castiello U. 2007 Evidence of
early development of action planning in the human
fetus: a kinematic study. Exp. Brain Res. 176, 217–
226. (doi:10.1007/s00221-006-0607-3)
7. Arduini D, Rizzo G, Giorlandino C, Valensise H,
Dell’Acqua S, Romanini C. 1986 The development of
fetal behavioural states: a longitudinal study.
Prenat. Diagn. 6, 117–124. (doi:10.1002/pd.
1970060207)
8. Patrick J, Campbell K, Carmichael L, Natale R,
Richardson B. 1982 Patterns of gross fetal body
movements over 24-hour observation intervals
during the last 10 weeks of pregnancy.
Am. J. Obstet. Gynecol. 142, 363–371. (doi:10.
1016/S0002-9378(16)32375-4)
9. Freeman RK, Anderson G, Dorchester W. 1982 A
prospective multi-institutional study of antepartum
fetal heart rate monitoring: I. Risk of perinatal mortality
and morbidity according to antepartum fetal heart rate
test results. Am. J. Obstet. Gynecol. 143, 771–777.
(doi:10.1016/0002-9378(82)90008-4)
10. Whitworth M, Fisher M, Heazell A. 2011 Reduced
fetal movements. Guideline 57. London, UK: Royal
College of Obstetricians and Gynaecologists.
11. Dutton PJ et al. 2012 Predictors of poor perinatal
outcome following maternal perception of reduced
fetal movements – a prospective cohort study. PLoS
ONE 7, e39784. (doi:10.1371/journal.pone.0039784)
12. O’Sullivan O, Stephen G, Martindale E, Heazell AE.P.
2009 Predicting poor perinatal outcome in women
who present with decreased fetal movements.
J. Obstet. Gynaecol. 29, 705–710. (doi:10.3109/
01443610903229598)
13. Efkarpidis S, Alexopoulos E, Kean L, Liu D, Fay T.
2004 Case-control study of factors associated with
intrauterine fetal deaths. Medscape Gen. Med. 6, 53.
rsif.royalsocietypublishing.org
J.
R.
Soc.
Interface
15:
20170593
9
14. Nowlan N. 2015 Biomechanics of fetal movement.
Eur. Cell Mater. 29, 1. (doi:10.22203/eCM.v029a01)
15. Aronsson DD, Goldberg MJ, Kling TF, Roy DR. 1994
Developmental dysplasia of the hip. Pediatrics 94,
201–208.
16. Rodrı´guez J, Palacios J, Garcı´a-Alix A, Pastor I,
Paniagua R. 1988 Effects of immobilization on fetal
bone development. A morphometric study in
newborns with congenital neuromuscular diseases
with intrauterine onset. Calcif. Tissue Int. 43,
335–339. (doi:10.1007/BF02553275)
17. Rodrı´guez JI, Garcia-Alix A, Palacios J, Paniagua R.
1988 Changes in the long bones due to fetal
immobility caused by neuromuscular disease. A
radiographic and histological study. J. Bone Joint
Surgery 70, 1052–1060. (doi:10.2106/00004623-
198870070-00014)
18. Donker ME, Eijckelhof BH, Tan GM, de Vries JI. 2009
Serial postural and motor assessment of Fetal
Akinesia Deformation Sequence (FADS). Early Hum.
Dev. 85, 785–790. (doi:10.1016/j.earlhumdev.2009.
10.008)
19. Bayat A, Petersen A, Møller M, Andersen G, Ebbesen
F. 2009 Incidence of fetal akinesia-hypokinesia
deformation sequence: a population-based study.
Acta Paediatrica 98, 3–4. (doi:10.1111/j.1651-
2227.2008.01102.x)
20. Hall JG. 2009 Pena-Shokeir phenotype (Fetal
akinesia deformation sequence) revisited.
Birth Defects Res. A 85, 677–694. (doi:10.1002/
bdra.20611)
21. Baty BJ, Cubberley D, Morris C, Carey J, Reynolds JF.
1988 Prenatal diagnosis of distal arthrogryposis.
Am. J. Med. Genetic. 29, 501–510. (doi:10.1002/
ajmg.1320290305)
22. Goldberg JD, Chervenak FA, Lipman RA, Berkowitz
RL. 1986 Antenatal sonographic diagnosis of
arthrogryposis multiplex congenita. Prenat. Diagn.
6, 45–49. (doi:10.1002/pd.1970060107)
23. Hall J, Reed S, Driscoll E, Opitz JM. 1983 Part
I. Amyoplasia: a common, sporadic condition with
congenital contractures. Am. J. Med. Genetic. 15,
571–590. (doi:10.1002/ajmg.1320150407)
24. Lowry RB, Sibbald B, Bedard T, Hall JG. 2010
Prevalence of multiple congenital contractures
including arthrogryposis multiplex congenita in
Alberta, Canada, and a strategy for classification and
coding. Birth Defects Res. A 88, 1057–1061.
(doi:10.1002/bdra.20738)
25. Sepulveda W, Stagiannis KD, Cox PM, Wigglesworth
JS, Fisk NM. 1995 Prenatal findings in generalized
amyoplasia. Prenat. Diagn. 15, 660–664. (doi:10.
1002/pd.1970150712)
26. Wynne-Davies R, Lloyd-Roberts G. 1976
Arthrogryposis multiplex congenita. Search for
prenatal factors in 66 sporadic cases. Arch. Dis.
Child. 51, 618–623. (doi:10.1136/adc.51.8.618)
27. Leck I. 2000 Congenital dislocation of the hip. In
Antenatal Neonatal Screening (eds N Wald, I Leck),
pp. 398–424, 2nd edn. (doi:10.1093/acprof:oso/
9780192628268.003.0016)
28. Weinstein SL. 1987 Natural history of congenital hip
dislocation (CDH) and hip dysplasia. Clin. Orthop.
Relat. Res. 225, 62–76. (doi:10.1097/00003086-
198712000-00007)
29. Homer CBR, Hickson G. 2000 Clinical practice
guideline: early detection of developmental
dysplasia of the hip. Pediatrics 105, 896–905.
(doi:10.1542/peds.105.4.896)
30. Muller G, Seddon H. 1953 Late results of treatment
of congenital dislocation of the hip. J. Bone Joint
Surg. Br. 35, 342–362.
31. Hinderaker T, Daltveit AK, Irgens LM, Ude´n A,
Reikera¨s O. 1994 The impact of intra-uterine
factors on neonatal hip instability. Acta Orthop. 65,
239–242. (doi:10.3109/17453679408995446)
32. Sharp M. 2007 Bone disease of prematurity. Early
Hum. Dev. 83, 653–658. (doi:10.1016/j.
earlhumdev.2007.07.009)
33. Chandaria VV, McGinty J, Nowlan NC. 2016
Characterising the effects of in vitro mechanical
stimulation on morphogenesis of developing limb
explants. J. Biomech. 49, 3635–3642. (doi:10.1016/
j.jbiomech.2016.09.029)
34. Rolfe R, Roddy K, Murphy P. 2013 Mechanical
regulation of skeletal development. Curr.
Osteoporos Rep. 11, 107–116. (doi:10.1007/
s11914-013-0137-4)
35. Nowlan NC, Sharpe J, Roddy KA, Prendergast PJ,
Murphy P. 2010 Mechanobiology of embryonic
skeletal development: Insights from animal models.
Birth Defects Res. C 90, 203–213. (doi:10.1002/
bdrc.20184)
36. Sandell LJ. 2012 Etiology of osteoarthritis: genetics
and synovial joint development. Nat Rev Rheumatol
8, 77–89. (doi:10.1038/nrrheum.2011.199)
37. Brunt LH, Norton JL, Bright JA, Rayfield EJ,
Hammond CL. 2015 Finite element modelling
predicts changes in joint shape and cell behaviour
due to loss of muscle strain in jaw development.
J. Biomech. 48, 3112–3122. (doi:10.1016/j.
jbiomech.2015.07.017)
38. Nowlan NC, Murphy P, Prendergast PJ. 2008 A
dynamic pattern of mechanical stimulation
promotes ossification in avian embryonic long
bones. J. Biomech. 41, 249–258. (doi:10.1016/j.
jbiomech.2007.09.031)
39. Nowlan NC, Dumas G, Tajbakhsh S, Prendergast PJ,
Murphy P. 2012 Biophysical stimuli induced by
passive movements compensate for lack of skeletal
muscle during embryonic skeletogenesis. Biomech.
Model. Mechanobiol. 11, 207–219. (doi:10.1007/
s10237-011-0304-4)
40. Guo W-Y, Ono S, Oi S, Shen S-H, Wong T-T, Chung
H-W, Hung J-H. 2006 Dynamic motion analysis of
fetuses with central nervous system disorders by
cine magnetic resonance imaging using fast
imaging employing steady-state acquisition
and parallel imaging: a preliminary result.
J. Neurosurg. Pediat. 105, 94–100. (doi:10.3171/
ped.2006.105.2.94)
41. Verbruggen SW, Loo JHW, Hayat TTA, Hajnal JV,
Rutherford MA, Phillips ATM, Nowlan NC. 2016
Modeling the biomechanics of fetal movements.
Biomech. Model. Mechanobiol. 15, 995–1004.
(doi:10.1007/s10237-015-0738-1)
42. Verbruggen SW, Oyen ML, Phillips ATM, Nowlan NC.
2017 Function and failure of the fetal membrane:
modelling the mechanics of the chorion and
amnion. PLoS ONE 12, e0171588. (doi:10.1371/
journal.pone.0171588)
43. Sokolowski P, Saison F, Giles W, McGrath S,
Smith D, Smith J, Smith R. 2010 Human uterine
wall tension trajectories and the onset of
parturition. PLoS ONE 5, e11037. (doi:10.1371/
journal.pone.0011037)
44. Fawthrop RK, Ockleford CD. 1994 Cryofracture of
human term amniochorion. Cell Tissue Res. 277,
315–323. (doi:10.1007/BF00327779)
45. Helmig R, Oxlund H, Petersen LK, Uldbjerg N. 1993
Different biomechanical properties of human fetal
membranes obtained before and after delivery.
Eur. J. Obst. Gynecol. Reproduct. Biol. 48, 183–189.
(doi:10.1016/0028-2243(93)90086-R)
46. Oxlund H, Helmig R, Halaburt JT, Uldbjerg N. 1990
Biomechanical analysis of human chorioamniotic
membranes. Eur. J. Obst. Gynecol. Reproduct. Biol.
34, 247–255. (doi:10.1016/0028-2243(90)90078-F)
47. Serpil Acar B, van Lopik D. 2009 Computational
pregnant occupant model, ‘Expecting’, for crash
simulations. Proc. Inst. Mech. Eng. D 223, 891–902.
(doi:10.1243/09544070jauto1072)
48. Pearsall G, Roberts V. 1978 Passive mechanical
properties of uterine muscle (myometrium) tested
in vitro. J. Biomech. 11, 167–176. (doi:10.1016/
0021-9290(78)90009-X)
49. Carter DR, Beaupre´ GS. 1999 Linear elastic and
poroelastic models of cartilage can produce
comparable stress results: a comment on Tanck
et al. (J Biomech 32:153–161, 1999). J. Biomech.
32, 1255–1257. (doi:10.1016/s0021-
9290(99)00123-2)
50. Tanck E, Van Donkelaar CC, Jepsen KJ, Goldstein SA,
Weinans H, Burger EH, Huiskes R. 2004 The
mechanical consequences of mineralization in
embryonic bone. Bone 35, 186–190. (doi:10.1016/
j.bone.2004.02.015)
51. Wong M, Ponticiello M, Kovanen V, Jurvelin JS. 2000
Volumetric changes of articular cartilage during
stress relaxation in unconfined compression.
J. Biomech. 33, 1049–1054. (doi:10.1016/S0021-
9290(00)00084-1)
52. Delp SL, Anderson FC, Arnold AS, Loan P, Habib A,
John CT, Guendelman E, Thelen DG. 2007 OpenSim:
open-source software to create and analyze
dynamic simulations of movement. Biomed. Eng.
IEEE Trans. 54, 1940–1950. (doi:10.1109/TBME.
2007.901024)
53. van Arkel RJ, Modenese L, Phillips AT.M, Jeffers JR.T.
2013 Hip abduction can prevent posterior edge
loading of hip replacements. J. Orthop. Res. 31,
1172–1179. (doi:10.1002/jor.22364)
54. Chitty LS, Altman DG, Henderson A, Campbell S.
1994 Charts of fetal size: 4. Femur length. BJOG:
Int. J. Obst. Gynaecol. 101, 132–135. (doi:10.1111/
j.1471-0528.1994.tb13078.x)
55. Nowlan NC, Bourdon C, Dumas G, Tajbakhsh S,
Prendergast PJ, Murphy P. 2010 Developing bones
are differentially affected by compromised skeletal
rsif.royalsocietypublishing.org
J.
R.
Soc.
Interface
15:
20170593
10
muscle formation. Bone 46, 1275–1285. (doi:10.
1016/j.bone.2009.11.026)
56. Pollard AS, Charlton BG, Hutchinson JR, Gustafsson
T, McGonnell IM, Timmons JA, Pitsillides AA. 2017
Limb proportions show developmental plasticity in
response to embryo movement. Sci. Rep. 7, 41926.
(doi:10.1038/srep41926)
57. Pollard AS, McGonnell IM, Pitsillides AA. 2014
Mechanoadaptation of developing limbs: shaking a
leg. J. Anat. 224, 615–623. (doi:10.1111/joa.12171)
58. Pollard AS, Pitsillides AA. 2017 Mechanobiology of
Embryonic Skeletal Development. In Mechanobiology,
pp. 101–114. Hoboken, NJ: John Wiley & Sons, Inc.
59. Giorgi M, Carriero A, Shefelbine SJ, Nowlan NC.
2014 Mechanobiological simulations of prenatal
joint morphogenesis. J. Biomech. 47, 989–995.
(doi:10.1016/j.jbiomech.2014.01.002)
60. Giorgi M, Carriero A, Shefelbine SJ, Nowlan NC.
2015 Effects of normal and abnormal loading
conditions on morphogenesis of the prenatal
hip joint: application to hip dysplasia.
J. Biomech. 48, 3390–3397. (doi:10.1016/
j.jbiomech.2015.06.002)
61. Freeman FE, McNamara LM. 2017 Endochondral
priming: a developmental engineering strategy
for bone tissue regeneration. Tissue Eng.
Part B Rev. 23, 128–141. (doi:10.1089/ten.teb.
2016.0197)
62. Quintana L, zur Nieden NI, Semino CE. 2008
Morphogenetic and regulatory mechanisms
during developmental chondrogenesis: new
paradigms for cartilage tissue engineering. Tissue
Eng. Part B Rev. 15, 29–41. (doi:10.1089/ten.teb.
2008.0329)
63. Yiv B, Saidin R, Cundy P, Tgetgel J, Aguilar J,
McCaul K, Keane R, Chan A, Scott H. 1997
Developmental dysplasia of the hip in South
Australia in 1991: prevalence and risk factors.
J. Paediatr. Child Health 33, 151–156. (doi:10.
1111/j.1440-1754.1997.tb01019.x)
64. Schulzke SM, Kaempfen S, Trachsel D, Patole SK.
2014 Physical activity programs for promoting bone
mineralization and growth in preterm infants.
Cochrane Database Syst. Rev. 22, CD005387. (doi:10.
1002/14651858.CD005387.pub3)
rsif.royalsocietypublishing.org
J.
R.
Soc.
Interface
15:
20170593
11
